Thyroid hormone (TH) binds TH receptor a (TRa) and b (TRb) to induce amphibian metamorphosis. Whereas TH signaling has been well studied, functional differences between TRa and TRb during this process have not been characterized. To understand how each TR contributes to metamorphosis, we generated TRa-and TRb-knockout tadpoles of Xenopus tropicalis and examined developmental abnormalities, histology of the tail and intestine, and messenger RNA expression of genes encoding extracellular matrix-degrading enzymes. In TRb-knockout tadpoles, tail regression was delayed significantly and a healthy notochord was observed even 5 days after the initiation of tail shortening (stage 62), whereas in the tails of wild-type and TRa-knockout tadpoles, the notochord disappeared after ;1 day. The messenger RNA expression levels of genes encoding extracellular matrix-degrading enzymes (MMP2, MMP9TH, MMP13, MMP14, and FAPa) were obviously reduced in the tail tip of TRbknockout tadpoles, with the shortening tail. The reduction in olfactory nerve length and head narrowing by gill absorption were also affected. Hind limb growth and intestinal shortening were not compromised in TRb-knockout tadpoles, whereas tail regression and olfactory nerve shortening appeared to proceed normally in TRa-knockout tadpoles, except for the precocious development of hind limbs. Our results demonstrated the distinct roles of TRa and TRb in hind limb growth and tail regression, respectively. (Endocrinology 159: 733-743, 2018) A mphibian metamorphosis is characterized by dramatic morphological and physiological changes in the aquatic tadpole to adapt to a terrestrial life. In anurans, almost every organ undergoes metamorphic changes, which include limb development and regression of the tail and gills. These metamorphic changes are induced by thyroid hormone (TH) (1-3) and mediated by two subtypes of TH receptors, specifically TH receptor a (TRa) and b (TRb). TR and 9-cis-retinoic acid receptor form a heterodimeric receptor, bind the TH-response element of the promoter region of THresponsive genes, and regulate the expression levels of these genes (4).
A mphibian metamorphosis is characterized by dramatic morphological and physiological changes in the aquatic tadpole to adapt to a terrestrial life. In anurans, almost every organ undergoes metamorphic changes, which include limb development and regression of the tail and gills. These metamorphic changes are induced by thyroid hormone (TH) (1-3) and mediated by two subtypes of TH receptors, specifically TH receptor a (TRa) and b (TRb). TR and 9-cis-retinoic acid receptor form a heterodimeric receptor, bind the TH-response element of the promoter region of THresponsive genes, and regulate the expression levels of these genes (4) .
The ability of tadpoles to respond to exogenous TH correlates with increases in the expression of TRa and 9-cis-retinoic acid receptor messenger RNA (mRNA) during the development of Xenopus laevis, an organism that is widely studied and closely related to Xenopus tropicalis (5) (6) (7) (8) (9) (10) . In the tails of tadpoles of X. laevis, the expression of TRa mRNA increases gradually until stage 62, whereas TRb mRNA expression is induced at this stage (11) . The expression pattern of TRb seems to be driven by the engagement of TRa with rising levels of endogenous TH (5) .
The molecular mechanisms of TH signaling have been studied for a long time; however, the functional differences between TRa and TRb are unclear. Several subtypespecific gene inductions or repressions were shown in culture cells (12) (13) (14) (15) (16) , and a subtype-specific role was implied by the expression pattern of both TRs (17) . Subtype specificity for TH-dependent neurogenesis during amphibian metamorphosis has been reported previously. In the central nervous system of X. laevis, TRa expression is observed throughout the tadpole brain, with the strongest expression in proliferating cells, and the TRa-specific agonist CO23 induces brain cell proliferation. In contrast, TRb is expressed predominantly outside of neurogenic zones, and the TRbspecific agonists GC1 and GC24 do not stimulate proliferation (18) . However, the agonists are not specific enough to demonstrate the subtype-specific roles of TRs. Currently, with the development of genomic editing technology, it is possible to completely block subtypespecific signaling without inducing artificial effects. Understanding the disparate functions of TRa and TRb is important to comprehend the molecular mechanisms of TH signaling. In this study, we generated TRa-and TRb-knockout tadpoles and compared developmental processes, organ histology, and mRNA expression of genes encoding extracellular matrix (ECM)-degrading enzymes to clarify the molecular basis of amphibian metamorphosis.
Materials and Methods

Animals
The Ivory Coast line of female and male X. tropicalis was provided by the Amphibian Research Center (Hiroshima University) through the National Bio-Resource Project of the MEXT, Japan. Tadpoles were staged according to the Nieuwkoop and Faber method (19) . To define the stage boundaries, stages from 58 to 60, from 60 to 62, and from 62 to 65 were determined by the length of the forelimb, the ratio of nervus olfactorius length to the bulbus olfactorius diameter, and the ratio of tail length to body length, respectively. These criteria were considered to define the beginning of each stage. Tadpoles and frogs were maintained at 26 to 28°C and 24°C, respectively. All animals were maintained and used in accordance with the guidelines established by Hiroshima University for the care and use of experimental animals (approval no. G14-1).
Construction of transcription activator-like effector nucleases
Transcription activator-like effector nuclease (TALEN) repeats were assembled as previously described (20) , with minor modifications (21) , and inserted into GoldyTALEN (22) , pTALEN-ELD/KKR (23, 24) , or pTALEN-ELD/KKR-DS (25) for the anti-TRa TALEN, and pTALEN-ELD/KKR for the antiTRb TALEN, to generate TALEN expression constructs. The target sequences of TALEN were 5 0 -CCAGAAGAA-CCTGCACCCCTC-3 0 and 5 0 -AATGCAGCAGCCATCG-3 0 for TRa and 5 0 -CAGAAGAACCTCCATCCGAG-3 0 and 5 0 -AACACATTTTCCTTC-3 0 for TRb (Fig. 1 ). We found no theoretically possible off-target sites with 10 to 30 spacer nucleotides having five or fewer mismatched nucleotides by using the EMBOSS program fuzznuc (26, 27) . To determine the efficiency of anti-TRa and anti-TRb TALENs, 200 pg of TALEN-ELD/KKR mRNA mixture was injected into both sides of two-cell embryos, and genomic DNA was extracted from a whole body of four embryos. The target DNA was amplified by polymerase chain reaction (PCR) and cloned. The DNA sequence was determined for five to eight clones per embryo. The efficiencies of gene modification by anti-TRa and anti-TRb TALEN-ELD/KKR were 73.2% 6 12.8% and 78.3% 6 15.7%, respectively [mean 6 standard error (SE); n = 4] (Supplemental Table 1 ).
RNA microinjection into fertilized eggs
mRNA was transcribed in vitro from XbaI (pTALEN-ELD/ KKR-DS)-or NotI (GoldyTALEN and pTALEN-ELD/KKR)-digested constructs, using the mMESSAGE mMACHINE SP6 mRNA to the vegetal pole (25) . The embryos were raised at 22 to 24°C in 0.13 Marc's modified Ringer solution (MMR) [100 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES (pH 7.4)] containing 0.1% bovine serum albumin and 50 mg/mL gentamicin.
Generation of TR-knockout tadpoles and genotyping
TALEN-injected embryos were reared to sexual maturity. F 1 generation tadpoles were obtained by the mating of F 0 frogs. The genotype of the F 1 tadpoles was determined, and homozygous tadpoles carrying out-of-frame mutations were used in all the experiments, except for the study of hind limb development (Fig. 2) . The F 2 generation tadpoles were obtained by the mating of heterozygous F 1 frogs. The F 2 generation tadpoles were screened via sequencing (Supplemental Table 1 ).
Mutation analysis
The tail tip or hind limb of tadpoles and forelimb digit of parental frogs were clipped, and genomic DNA was extracted as previously described (25) . A DNA fragment containing the antiTRa or anti-TRb TALEN target sites was amplified using KOD FX Neo DNA polymerase (Toyobo, Osaka, Japan), genomic DNA, and primers ( 
Histology
Tadpoles were anesthetized and fixed in 4% formaldehyde in phosphate-buffered saline for amphibians [96 mM NaCl, 5.7 mM Na 2 HPO 4 , 1.9 mM KCl, 1.0 mM KH 2 PO 4 (pH 7.4)]. Tissues were dehydrated with ethanol and xylene solutions and embedded in paraffin. Sections of 6 mm were cut using a microtome. Sections were floated on water at 35 to 37°C and adhered to glass microscope slides. The sections were treated with xylene and rehydrated through an ethanol series and then stained with Mayer's hemalum solution (Merck, Darmstadt, Germany) and alcoholic eosin Y-solution (Merck). The sections were dehydrated through an ethanol series and xylene, mounted in Marinol (Muto Pure Chemicals, Tokyo, Japan), and covered with cover glass. The stained sections were analyzed using a Ni-U microscope (Nikon, Tokyo, Japan). Images were taken with a DS-Ri2 digital camera (Nikon).
Reverse transcription PCR
Total RNA was purified from the anterior and posterior parts of tadpole tails, using the SV Total RNA Isolation System kit (Promega, Madison, WI, USA), which includes a DNase I treatment step. Total RNA was denatured at 65°C for 5 min and reverse transcribed using the ReverTra Ace qPCR RT Master Mix (Toyobo) according to the manufacturer's instructions. The products were diluted with water to 50%, and 2 mL of each solution was subjected to quantitative PCR using a SYBR Premix Ex Taq kit (TaKaRa Bio, Otsu, Japan) in a total reaction volume of 20 mL. Quantitative PCR was performed using a Thermal Cycler Dice Real Time System (TaKaRa Bio) according to the manufacturer's protocol. The reaction conditions included predenaturation (95°C, 30 seconds) and a two-step protocol [(95°C, 5 seconds; 60°C, 30 seconds) 3 40]. The results were analyzed using a Thermal Cycler Dice Real-Time System version 4.00 (TaKaRa Bio). The level of specific mRNA was quantified and normalized to that of elongation factor 1-a mRNA. The primer sequences used for amplification are shown in Table 1 .
Results
TALENs were constructed to generate TRa-or TRbknockout tadpoles. We designed TALEN constructs targeting the corresponding DNA region of TRa and TRb genes encoding the intervening region of the two zinc fingers and the first several amino acids of the second zinc finger of TR; this was selected as one of the divergent DNA sequences between TRa and TRb to avoid modification of the other TR gene by off-target effects, and to generate TR subtype-specific knockouts (Fig. 1) . The target sequences of the left and right arms had five and seven different nucleotides, respectively, between antiTRa and anti-TRb TALENs. TALENs were designed based on the following strategy: if a frame-shift mutation were introduced by the TALEN protein, it would extinguish the function of the second zinc finger of the DNA-binding region and ligand-binding region by replacing it with an unrelated mutant amino acid sequence followed by a premature termination codon. The TRa and TRb genome sequences of TR-knockout F 1 and F 2 tadpoles used in the experiments were determined. We confirmed that all target sequences had out-of-frame mutations (Supplemental Table 1 ) and that the nontargeted TR gene maintained a wild-type sequence for both alleles.
Developmental progression during metamorphosis was compared between TRa-or TRb-knockout tadpoles and wild-type tadpoles to understand the contribution of TRa or TRb to metamorphic changes. The time in days for tadpoles to develop from stage 62 to other stages (19) and the starting point of the murder death mechanism of tail muscle cells (28) . TRa-knockout and wild-type tadpoles showed no differences in stages 58 to 66, as described previously (29) , but the TRb-knockout tadpoles exhibited significant developmental differences compared with wild-type and TRa-knockout tadpoles at all stages; this result indicated that the tail regression was prominently delayed.
Stage-65 TRb-knockout tadpoles developed an adult head and ate worm as wild-type froglets, although they had a pin-like tail (Fig. 3) . Tadpole staging is mainly dependent on the shortening of the olfactory nerve and the narrowing of the head in stages 61 to 62, and on the degree of tail regression after stage 62, according to Nieuwkoop and Faber (19) . However, we used only the ratio of the length of nervus olfactorius to the diameter of bulbus olfactorius to define the stage boundaries from stage 60 to 62 in this experiment (see Materials and Methods). The transition from stage 60 to 61 required twice as much time in TRb-knockout tadpoles; this means that the olfactory nerve was reduced in length at a slower rate. The ratio of the width at gill position to the width at eye position was larger in TRb-knockout tadpoles than in wildtype tadpoles; this means that the gill was absorbed at a slower speed compared with the delayed shortening of the olfactory nerve ( Fig. 4 ; Supplemental Fig. 1 ).
To investigate the deceleration of tail regression in TRb-knockout tadpoles during metamorphosis, a histological study and reverse transcription PCR (RT-PCR) analysis of the expression profile of genes ECM-degrading enzymes were performed. Cross sections were prepared by cutting stage-63 tails at a position one-sixth the distance from the base (anterior) or middle (posterior) of the tail (Fig. 5A) . The tails of TRb-knockout tadpoles had a healthier notochord with fewer and smaller muscle cells at stage 63 (5 days from stage 62), compared with the tails of wild-type or TRa-knockout tadpoles, which contained a dissolved notochord at stage 63 (1 day from stage 62). In the posterior section of TRb-knockout tadpole tails, the notochord sheath layer was thinner compared with the anterior section, which had a large notochord (Fig. 5B) . The mRNA expression levels of genes encoding ECM-degrading enzymes, MMP2, MMP9TH, MMP13, MMP14, and FAPa, in stage-63 tails of wild-type, TRa-, and TRb-knockout tadpoles were examined by RT-PCR using the anterior and posterior parts of tails ( Fig. 6A and  6G ). Expression levels were significantly lower in the posterior part of stage-63 TRb-knockout tadpole tails than in wild-type tails. mRNA expression of MMP13 was increased in the anterior part of TRb-knockout tadpole tails in comparison with that in wild-type tails. The expression levels of genes encoding ECM-degrading enzymes were not statistically different between wild-type and TRa-knockout tadpole tails (Fig. 6) .
Previous studies have demonstrated that the timing of metamorphosis for different organs is altered by TRa knockout, with limb metamorphosis occurring earlier and the intestine completing metamorphosis later, whereas tail resorption is completed at a similar age, when compared with that in wild-type or heterozygous siblings (29) . However, tail resorption was dramatically delayed by TRb knockout in our study. TRa-or TRbtargeting TALEN-ELD/KKR mRNAs were injected into one side of two-to four-cell embryos to evaluate the effect of TR knockdown on hind limb development; this was performed to compare left and right legs in single tadpoles, as described previously (30) . The developmental stages were determined based on the stage of the control side. The efficiencies of gene modification by anti-TRa and -TRb TALEN-ELD/KKR were 73.2% 6 12.8% and 78.3% 6 15.7%, respectively (mean 6 SE; n = 4, see Materials and Methods and Supplemental Table 1 ). The ratio of limb length on the TALEN-ELD/KKR mRNA-injected side to that on the control side was calculated from stage 50 to 58. Limbs on the injected side in TRa-knockdown tadpoles developed precociously, as described previously (30); however, no obvious effect was observed in TRb-knockdown tadpoles (Fig. 2) .
The length of the intestine was compared between wild-type and homozygous TR-knockout tadpoles at stages 63 and 65. The intestines of stage 63 TRaknockout tadpoles were significantly longer than those of wild-type tadpoles, as described previously (31); however, this difference was not observed at stage 65. Additionally, the intestines of stage-65 TRb-knockout tadpoles were significantly longer than those of wild-type and TRa-knockout tadpoles (Fig. 7A) . It took 16.8 days for TRb-knockout tadpoles to proceed from stage 62 to 65, whereas the wild-type and TRa-knockout tadpoles completed this development in only 4.4 and 5.2 days, respectively. Therefore, wild-type froglets were killed 15 to 18 days after stage 62 to compare these to stage-65 TRb-knockout tadpoles, for which nearly the same time (14 to 17 days) had elapsed from stage 62. Wild-type froglet intestines were similar in length to those of stage-65 TRb-knockout tadpoles, supporting the idea that the developmental rate of intestinal length is not different between wild-type and TRb-knockout tadpoles (Fig. 7B) . The intestines of wild-type and TR-knockout tadpoles were examined histologically. Before metamorphosis, only a single fold, the typhlosole, was present in the anterior part of the intestine. During metamorphosis, the simple larval intestine is remodeled into a more complex one. Stage-63 TRb-knockout tadpoles exhibited welldeveloped folds compared with wild-type stage-63 tadpoles ( Fig. 7C and 7G ). These were compared with those of wild-type and TRa-knockout stage-65 tadpoles because the TRb-knockout tadpole reached stage 63 in ;5 days after stage 62, whereas wild-type and TRaknockout tadpoles proceeded from stage 62 to 65. The intestines of stage-65 TRa and stage-63 TRb-knockout tadpoles appeared to have fewer intestinal folds than those of stage-65 wildtype tadpoles 5 days after stage 62 (Fig. 7D, 7F, and 7G) (31) . Then, we compared the intestines of wild-type froglets and stage-65 TRb-knockout tadpoles, for which the same time (17 days) had elapsed from stage 62. The histological structure was similar between TRb-knockout tadpoles and wild-type froglets, except for poorly developing folds (Fig. 7E  and 7H ). These results imply that both TRa and TRb knockouts have subtle effects on intestinal differentiation and growth.
Discussion
The characterization of TRaknockdown and TRa-knockout tadpoles has been reported previously (29) (30) (31) (32) . These studies showed that endogenous TRa is not essential for the completion of amphibian metamorphosis and that unliganded TRa regulates the growth of both hind limbs and postembryonic tadpoles. In this study, we demonstrated that TRb disruption delayed tail regression, head narrowing, and shortening of the olfactory nerve, whereas TRa ablation induced precocious development of hind limbs, as previously reported. The delay in development caused by TRb disruption was surprising, as modification of TRb was expected to affect the metamorphosis climax to a lesser extent than TRa, because the expression level of TRb mRNA is lower than that of TRa in wild-type tadpole tails, and because the results of TR overexpression implied that TRa has a stronger function than TRb in the tail muscle cells of X. laevis (11) .
Our histological study indicated that the notochord of wild-type and TRa-knockout tadpoles is degraded with the moderate degeneration of the notochord sheath at stage 63, 1 day after stage 62, whereas both the notochord and sheath remained healthy in a cross section of TRb-knockout tadpole tails 5 days after stage 62. The presence of the notochord during the late climax of metamorphosis indicates that TRb is involved in notochord degeneration, suggesting that inhibition of notochord breakdown, via TRb disruption, leads to decelerated tail regression and developmental delay, as the notochord supports the tail structure. When X. laevis tadpoles are treated with the TH synthesis inhibitor methimazole from stage 57 to 58, the metamorphic process is inhibited and some tadpoles develop into frogs with a tail containing a persisting notochord and a paucity of muscle. By treating tadpoles with methimazole, it was demonstrated that the notochord is folded, wrinkled, and compressed (similar to an accordion) at stage 64 (33) . Similar compression of the notochord might occur in TRb-knockout tadpole tails with a healthy notochord and scarce muscle, although TRb-knockout tadpoles eventually completed tail regression.
Stage-63 TRb-knockout tadpole tails had far fewer muscle cells in the anterior and posterior sections than did wild-type and TRa-knockout tails. Posterior cross sections of TRb-knockout tadpole tails showed a small rounded tail tip composed of epidermis, notochord, and spinal cord, with a tiny amount of connective tissue and muscle. Most tail muscle cells might have died in TRb-knockout tadpoles that developed from stage 62 to 63 in 5 days, whereas many muscle cells survived in wild-type and TRa-knockout tadpoles at stage 63, that is, 1 day after stage 62. This indicates that tail muscle cells can be eliminated in 5 days by TH signaling through TRa in TRb-knockout tadpoles. As healthy notochord and the removal of almost all muscle cells is observed not only in TRb-knockout tadpoles, but also in methimazoletreated tadpole tails, it is tempting to speculate that maximal TH signaling is not indispensable for the death of tail muscle cells, whereas potent signaling through TRb is essential to break down the notochord efficiently (33) .
The expression of many genes encoding ECM-degrading enzymes abruptly increases at the beginning of tail resorption (stage 62) in X. laevis (34) . The mRNA levels of these genes were significantly reduced only in the posterior part of stage-63 TRbknockout tadpole tails, which contained notochord, a thin notochord sheath and spinal cord with poorly developed dermis and a small amount of connective tissue, and muscle. In contrast, the posterior parts of wild-type and TRa-knockout tails had an elongated cross section with relatively abundant connective tissue and muscle and dissolving notochord. It is possible that muscle and connective tissue including subepidermal fibroblasts produce ECM-degrading enzymes (35) . The anterior part of the TRb-knockout tadpole tails synthesized comparable levels of mRNA encoding degrading enzymes, which demonstrates that all examined MMPs were not regulated by TRb exclusively. Most muscle cells were lost, but many fibroblast-like cells and welldeveloped dermis were observed between the epidermis and notochord. These fibroblast-like cells might contribute to the production of ECMdegrading enzymes.
The mRNA expression level of MMP13 was higher in the anterior part and lower in the posterior part of TRbknockout tails, compared with those in wild-type tails, respectively. The extremely high level of MMP13 mRNA expression in the notochord sheath (35) might explain the expression pattern of MMP13. Well-developed notochord sheath with healthy notochord was observed in the anterior part, whereas the notochord sheath was thin in the posterior part of TRb-knockout tails. The notochord sheath of wild-type tails appeared to be degraded in both parts but thicker in the posterior part compared with that of TRb-knockout tails. The differences in the expression patterns of MMP13 and the other MMP genes can be ascribed to tissue specificity. For example, MMP13 is expressed mainly in the notochord sheath, whereas the other MMPs are mainly expressed in the muscle.
Head narrowing was impaired in TRb-knockout tadpoles, indicating that TRb is involved in gill absorption. Consistently, with TH treatment, gills degenerate in TRa-knockout tadpoles (30) , suggesting that TRb is sufficient to elicit this process. The TRb-selective agonist GC-1 induces complete gill resorption (36) , whereas the TRa-selective agonist CO23 results in lesser effects on head narrowing (37) . These reports support our result that TRb plays a predominant role in gill absorption. Ablation of TRb caused a delay in tail regression, gill absorption, and olfactory nerve shortening, but had apparently no effect on the development of hind limbs and only slight effects on the intestine. In contrast, TRa disruption induced precocious hind limb growth, but did not have an obvious effect on morphological changes of the tail, gill, and olfactory nerve. These results show that TRb plays a dominant role in these metamorphic changes, whereas TRa has a prominent role in repressing the precocious growth of hind limbs before TH secretion. The latter could be explained by the predominant expression of TRa mRNA, compared with the expression of TRb mRNA, in the hind limb (11, 29) . However, the mRNA level of TRa was higher than that of TRb in the regressing tail (11) . There are three possibilities to explain the dominant role of TRb in tail regression. One is that translational regulation inhibits the expression of TRa protein in the tail, which is supported by the observation that the TRa promoter contains several translational repressor elements (38) . The second is cell-specific expression of TR subtypes. TRb mRNA alone might be expressed in cells that are responsible for tail regression, and TRa mRNA could be expressed in other cells that are not involved in regression. The third hypothesis is that only TRb, and not TRa, can efficiently induce the expression of genes required for tail regression, which means that TRb recognizes a different TH-responsive element; however, subtype-specific elements are yet to be reported.
Both TRa and TRb subtypes are conserved in vertebrates from zebrafish to humans; however, the significance of these two subtypes remains unknown. TRb-knockout tadpoles showed a delay in tail regression as well as a disruption of notochord collapse and gill absorption during the climax of metamorphosis, whereas no obvious influence on hind limb development was observed. The intestinal length was different between stage-matched tadpoles, but this difference was not observed when comparing age-matched tadpoles (17 days from stage 62). In contrast, TRa ablation induced precocious hind limb development but tail regression was apparently unaffected. These findings clearly indicate a subtype-specific role for TRa and TRb. Investigating the contribution of TRa and TRb to amphibian metamorphosis represents an excellent biological system to demonstrate subtypespecific roles of TR. This study will thus provide the foundation to delineate the evolutional significance of two TR subtypes in vertebrates.
